Dactylellina cionopaga is a potential biocontrol agent of phytoparasitic nematodes. Here the functions of snodprot of D. cionopaga were analysed. The gene was transcribed with a higher level under inducing conditions with nematodes. The recombinant protein expressed in Pichia pastoris had a molecular weight of 14 kDa and might form polymers in its native state. In a concentration-dependent manner, snodprot changed the chemotaxis and increased the body-bend frequency of Caenorhabditis elegans, but did not induce immunity in the indicated plants significantly. The results of an immunofluorescence assay proved that snodprot was expressed during the development of traps and conidia. According to the parasitism mechanisms of nematophagous fungi and the chemotaxis and locomotion mechanisms of C. elegans, the possible active sites of snodprot were speculated to be ASE or ASI. The gene identification indicated that snodprot is a novel parasitismrelated protein of nematophagous fungi, and possesses novel activity, different from other members of the cerato-platanin family.
Plant-parasitic nematodes are worldwide pests that lead to terrible losses every year. As a potential biocontrol agent of nematode parasites on plants, nematophagous fungi have attracted the attention of researchers. The molecular mechanism of infection of phytoparasitic nematodes is an important basis for the development of effective biocontrol agents. A series of genes and proteins have been implicated in the parasitism process during research on the molecular mechanism of infection by phytoparasitic nematodes. Serine proteases from nematode-trapping fungi, endoparasites, and eggs or female parasites have frequently been identified as parasitism-related proteins. Mlx from Monacrosporium microscaphoides, Ver112 from Lecanicillium psalliotae, and Hasp and Hnsp from Hirsutella rhossiliensis digested cuticle proteins in vitro. [1] [2] [3] [4] A multi-copy PII gene encoding an alkaline serine protease integrated into the genome of Arthrobotrys oligospora could improve the pathogenicity of the fungus. 5) By the use of chitinase, egg-parasitic fungi were found to destroy the chitin component on the surface of nematode eggs and to inhibit subsequent egg growth. 6, 7) M. haptotylum produces adhesive knobs to infect nematodes. A comparison of the global patterns of gene expression in the traps and mycelia indicated that the genes involved in regulating morphogenesis and cell polarity, stress response, protein synthesis and degradation, transcription, and carbon metabolism were differentially expressed and might play roles in infection by nematodes. 8) The infection mechanism of A. dactyloides, with contraction rings to trap nematodes, was different from that of the other trapping fungi which produced an adhesive substance. A parasitism mechanism was proposed for A. dactyloides, in which the pressure imposed by the nematode activated the G protein of the contraction ring cell. The activated G protein increased the concentration of Ca 2þ in the cells, activated calmodulin, and ultimately opened a water channel, leading to expansion of the contraction ring to immobilise the nematode. 9) Unlike adhesive net-developing nematophagous fungi such as A. oligospora and adhesive knob-developing nematophagous fungi such as M. haptotylum, studies of adhesive column-developing fungi have been few in the literature. Until now, the functions of other proteins related to infection by nematodes, with the exception of serine protease and chitinase, have not been studied in detail.
Dactylellina cionopaga (syn. Monacrosporium cionopaga, Dactylella cionopaga, Golovinia cionopaga) is a nematophagous fungus known to develop adhesive columns and a two-dimensional network, reported to be able to parasitise plant pathogens Meloidogyne javanica and Heterodera schachtii. 10, 11) Duan constructed a cDNA library of D. cionopaga cultured with nematodes.
12) The snodprot gene was cloned from the cDNA library by the signal trapping technique, and it presented the highest picked frequency among trapped cDNA fragments according to the sequencing results, which suggested that this gene is probably related to parasitism.
12) The role and characteristics of snodprot of D. cionopaga await experimental analysis.
The result of sequence analysis of snodprot indicated that the putative protein encoded by this gene is a member of the cerato-platanin family. The proteins in the cerato-platanin family are involved in parasitism, recognition, adhesion, cell-wall morphogenesis, and fungal growth and development. 13) Homologs have been cloned from Tricoderma virens, 14) Hypocrea atroviridis, 15, 16) Septoria nodorum, 17, 18) Leptosphaeria maculans, 19) Aspergillus nidulans (GenBank ID, Q5AZK7), A. fumigatus, 20) Neurospora crassa (GenBank ID, Q9C2Q25), Coccidioides immitis, 21) Ceratocystis populicola, 22) and Moniliophthora perniciosa. 23) Sm1 from Trichoderma virens and Epl1 from H. atroviridis were found to elicit the plant defense response and systemic resistance. 14, 15) CP from C. fimbriata, MpCP1 from M. perniciosa, and Pop1 from C. populicola were found to induce necrosis in host leaves. [23] [24] [25] Similar proteins from C. immitis and A. fumigatus were found to be antigenic and allergenic.
18) The cerato-platanin (CP) from C. platani was found to be self-aggregated, while Sm1 from T. virens formed a dimer in its native state. 14, 24) Sm1 and CP were expressed exogenously in Pichia pastoris strain GS115 with the pPIC9K vector, 26, 27) and MpCP1 was expressed in Escherichia coli BL21 (DE3) pT-Trx cells with the pET28a(þ) vector. 23) These examples of heterogenous expression allowed the three-dimensional structures of the proteins to be determined, and their biological activity to be understood.
Caenorhabditis elegans is a bacterial feeder, but it was trapped by D. cionopaga. Thus the model organism C. elegans, with a clear genetic background, can be used as a tool in toxicity assays of chemical compounds and proteins, and as an organism alternative to parasitic nematodes. In this study, we cloned a sequence upstream of the open reading frame of snodprot from D. cionopaga, analyzed the characteristics of the gene and the putative protein, and identified the biological function of snodprot.
Materials and Methods
Cloning of snodprot from D. cionopaga. D. cionopaga AS 3.6776 (SQ27-3) was isolated from root-zone soil of the panax in the Yunnan Province of China, and was stored on a PDA slant at 4 C for the experiment. 28, 29) The genomic DNA sequence of snodprot was cloned using specific primers designed following the known cDNA sequence. A 5 0 upstream sequence of the gene was also amplified by inverse PCR from genomic DNA. Briefly, genomic DNA from D. cionopaga was extracted, and digested using BamHI, BglII, EcoRI, KpnI, PstI, SalI, XbaI, and XhoI, respectively. The digestion products were purified, and self-ligated with T4 DNA ligase. Two nested PCRs were carried out to clone the 5 0 upstream sequence of snodprot. The first PCR used Sp-r5
and Sp-r3 0 (5 0 -ggcacccgatttcaagttg-3 0 ) as primer pair, and the ligation DNA was used as the template, and the second PCR used Sp-r5 0 -3 (5 0 -ggctgacaataaatcgaagcat-3 0 ) and Sp-r3 0 -2 (5 0 -gaacgcctgcttcaaatag-3 0 ) as primers, and the first-round purified PCR product as template. The DNA fragment obtained was sequenced by Sangon Biotech (Shanghai, China), and possible regulation sites were analysed.
Quantitative real-time RT-PCR. D. cionopaga was cultured in PDB for 3 d, washed thoroughly with sterilized water, and then spread on water agar plates (WA, BD Bacto, China) or on water agar plates with 30-40 L1 (first larval stage) C. elegans/cm 2 added (WA þ CE). The L1 worms were prepared by the method of Xie et al. 30) After incubation for 1 h, 10 h, 22 h, 46 h, and 70 h, total RNA was extracted from the culture following the protocol for the SV Total RNA Isolation System (Promega, Madison, China), and was quantified with a Bio-Rad SmartSpecÔ Plus spectrophotometer (Bio-Rad, China). Reverse transcription was performed to synthesize the first-strand cDNA using an oligo(dT) 15 Expression of snodprot in P. pastoris. Snodprot with and without the signal peptide-encoding sequence was integrated into the pPIC3.5k and the pPIC9k vectors respectively. The pPIC9k-snodprot vector constructed, in which snodprot without the signal peptide-encoding sequence was inserted, and the pPIC3.5k-snodprot vector, in which snodprot with the signal peptide-encoding sequence was inserted, were linearized with SacI, and transformed into P. pastoris GS115 by electroporation. The transformants were identified by PCR using primers exogenous snodprot by SDS-PAGE, which was performed first at 60 V then at 120 V when bromophenol blue passed the stacking gel. The gel was stained with Coomassie Blue after electrophoresis. The putative recombinant protein in the SDS-PAGE gel was cut out, and then matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis was performed as described by Mao et al. 31) For protein purification, the selected transformant and the transformant with an empty vector were fermented under the same culture conditions. The proteins in the supernatant fluid, the volume of which was normalized according to the OD600 value, were precipitated with 50% ammonium sulphate overnight. After being dialyzed against a 50-mmol/L citric acid buffer (pH 6.0), and filtered through a cellulose nitrate filter membrane (pore size 0.45 mm), the proteins purified from the transformants were stored at À80 C, and used in the biological assay. The concentration of prepared snodprot solution was quantified with a modified BCA protein assay kit (Sangon Biotech.). Native PAGE analysis was carried out to check whether the recombinant protein in its native state is a polymer.
Biological assay. An L1 larvae growth assay and a lethality assay were performed by the methods of Bischof et al. and Wang et al. 4, 32) When the lethality of the L4 worms was determined, two different methods were applied. The assays were set up with snodprot solution of 50 mmol/L of sodium citrate buffer (pH 6.0) and 50-100 L4 worms, which was incubated for 24 h, or with E. coli OP50 0 in S medium, chloromycetin, 5-fluorodeoxyuridine, the protein, and approximately 20 L4 worms, and this was incubated for 5 d at 25
C. In the latter method, chloromycetin and 5-fluorodeoxyuridine were used to inhibit the growth of E. coli OP50 0 and C. elegans respectively. The chemotaxis index and the body-bend frequency were calculated following a modification of the method of Wang and Wang.
33) Defense elicitation of snodprot from D. cionopaga was checked using leaves of soya bean and tomato plants by the method of Wilson et al. 19) All the data in the biological assays were expressed as mean AE SD, and were analyzed by SPSS 18.0 software. One-way analysis of variance (ANOVA) and the Student-Newman-Keuls test were used to compute differences between treatments. p < 0:05 was considered statistically significant, and p < 0:01, extremely significant.
Immunofluorescence assay. The fresh hyphae of D. cionopaga were grown on PDA with cellophane for 5 d, and then transferred to water agar plates. The culture was incubated continuously for 5 d to generate conidia, and traps were induced with nematodes added subsequently. The filaments of D. cionopaga applied in the assay were obtained by culturing the fungus for about 39 h in PDB. The samples were washed thoroughly with sterilized water before analysis. Preparation and purification of the polyclonal antiserum of snodprot was performed by Beijing Protein Innovation (Beijing, China) by the method of Scala et al. and that of Pan and Cole. 21, 34) Snodprot (200 mg) was injected intermittently into a rabbit 4 times. The antiserum obtained was purified by affinity chromatography. Immunofluorescence assay was carried out by the method of Boddi et al. 35) A Leica Tcs Sp2 laser confocal microscope (Leica, Beijing, China) was used to observe the fluorescence of the samples at an excitation wavelength of 488 nm, and an emission wavelength of 525 nm.
Results
Cloning and characterization of snodprot from D. cionopaga
The sequencing results for the open reading frame of snodprot (GenBank ID, JF699730) from D. cionopaga indicated that the gene was 432 bp in length, and encoded 143 amino acids. Based on alignment of the cDNA sequence and the DNA sequence, no introns were found in the gene. Sequence analysis of the DNA fragment upstream of the initiation codon showed possible regulation sites for nitrogen regulator AreA (À790 TGATAA, À783 CGATAA), and for PacC (À361 GCCAAG), which mediates pH regulation. No binding site for CreA, involved in catabolite repression, was found. 36, 37) One of the four mycoparasitism response elements (MYREs), MYC1 (GCTTCA), normally found in the promoter region of mycoparasitism-related genes ech42 and prb1 from T. atroviride, 38) was found at position À930. A similarity comparison of the putative translated protein showed that snodprot from D. cionopaga was homologous to other proteins in the ceratoplatanin family, and significantly matched the Pfam signature common to cerato-platanin (PF07249) (blastp in GenBank nr database on 2012/2/6). The characteristics of snodprot, such as low molecular weight and four cysteine residues possibly forming two intramolecular disulphide bonds, were also consistent with this protein family, 39) indicating that it belongs to the ceratoplatanin family. Snodprot was found to have a signal peptide containing 17 amino acids, as suggested by SignalP. As indicated by the Compute pI/Mw tool, the pI/Mw of the precursor of snodprot was 8.72/14876.03, and that of the mature peptide was 8.36/13025.69. By PROSITE motif search, an N-glycosylation site was identified at residue 94 (NKSF) of the protein, a protein kinase C phosphorylation site was identified at residue 134 (TAK), and casein kinase II phosphorylation sites were identified at residues 54 (SVSE) and 111 (SGAD). The hydropathicity of snodprot was calculated with the program ProtScale, using the scale of Hphob./Kyte and Doolittle, with a window of nine amino acids (Supplemental Fig. S1 ; see Biosci. Biotechnol. Biochem. Web site). Snodprot was identified as a global protein that possesses two helixes and eight sheets, according to Predict Protein analysis. Two cysteines were found to form the disulphide bond located in the sheets, and an additional two cysteines were identified in the loops (Fig. S1) .
The transcription levels of snodprot from D. cionopaga cultured on WA and on WA þ CE were analyzed by quantitative RT-PCR. The corresponding growth states of the fungus in the assay are shown in Fig. 1A . The fungus grew slowly on WA plates, but grew more quickly on WA þ CE and CMA plates (Fig. 1A) . Observation of the parasitism process of D. cionopaga indicated that traps formed when the inoculum was incubated for 46 h, and nematodes killed by the traps appeared at 70 h (Fig. 1A, B) . Amplification of thetubulin gene showed that it was transcribed uniformly in the filaments cultured on the WA and WA þ CE plates (p < 0:05). Hence it was used as an external reference (Fig. 1C) . According to the results of genorm analysis, the -tubulin gene was the more proper reference than 18s rRNA, at M values of 0.40 and 0.75 respectively. The results of quantitative RT-PCR confirmed that a higher transcription level of snodprot occurred when the nematodes were introduced into the water agar plates, although the background level of transcription held in the culture on WA (p < 0:05). Differential expression increased with co-cultivation time, reaching highest expression at 10 h, and then decreasing (Fig. 1D) . To determine whether this special transcription was caused by the carbon and nitrogen source, the transcription levels of snodprot from hypha cultured on water agar or on corn meal agar (CMA) were also evaluated. The results indicated that the transcription levels of snodprot under both conditions were similar (p > 0:05), suggesting that gene expression did not correlate with the carbon and nitrogen sources (Fig. 1D) .
Expression of snodprot in P. pastoris The snodprot gene from D. cionopaga was cloned into vectors pPIC3.5k and pPIC9k, and transformed into P. pastoris. The Mut þ phenotype of the transformants was identified by PCR. Multiple inserts were screened on plates containing Geneticin (Invitrogen, Beijing, China), and expression of the recombinant protein was carried out in BMGY/BMMY medium. The fermentation liquor, incubated for 2.5-6.5 d, was analyzed by SDS-PAGE. The results indicated that the selected transformants of pPIC3.5k-snodprot did not express any visible recombinant protein on the SDS-PAGE gel as compared to the transformants with the empty vector, suggesting that the signal peptide of snodprot was not transported out of the cell membrane or the cell wall of P. pastoris. Among the transformants of pPIC9k-snodprot, some did not express the recombinant protein, while in other transformants, recombinant snodprot was expressed in the 2. This implied that the multicopy snodprot in the P. pastoris cells increased the expression of the foreign gene. The results of MALDI-TOF MS analysis indicated that the target protein had a mass of 14 kDa, which was almost same to the theoretical molecular weight of the mature snodprot protein and the presumed recombinant protein (13.96468 kDa) as determined by the Compute pI/Mw tool. A Mascot search showed that a 59% sequence identity between the expressed protein and the putative recombinant protein of snodprot, and the sequence covered was EAEAYVEFTGLKYDNNY-NLKSGASLTSFACSDGANGLITKYHISSVSELASK-LKSNVYIAGSPTIAGWNSPSCGLCYEAR (Fig. 2A) . The eight amino acids EAEAYVEF, in the N-terminus of the recombinant protein, were encoded by the sequence of the poly-cloning site in the pPIC9k vector. The probability-based mowse score obtained was greater than 300, and proved that the protein expressed in P. pastoris was the expected recombinant snodprot (Fig. 2B) . After purification and concentration of the recombinant protein, SDS-PAGE illustrated that snodprot, with a molecular weight of approximately 14 kDa, was the only protein band visible on the gel, and no protein band was visible in the control lane (Fig. 3A) . The concentration of the prepared snodprot solution, as quantified by modified BCA protein assay, was 3.88 mg/ mL. Native PAGE was used to verify that the native snodprot protein is a polymer (Fig. 3B) .
Biological activity
The toxicity of snodprot for C. elegans was checked by L1 growth assay, lethality assay, chemotaxis, and locomotion assay with 1.55 mg/mL, 3.1 mg/mL, and 6.2 mg/mL respectively of the snodprot solution used in each assay. The results of the L1 growth assay and the lethality assay indicated that snodprot neither affected the growth of the nematodes nor killed them. Additionally, the worms treated in the lethality assay were stained with SYBR Green, 40) and no green cells on the surfaces of the live worms were visible under a fluorescent microscope, indicating that snodprot was not even weakly toxic for C. elegans in terms of growth and life span. However, the chemotaxis and locomotion assays indicated that snodprot had an effect on the nervous system of C. elegans. A concentration of 6.2 mg/mL of purified snodprot significantly changed the chemotaxis of the nematodes to NaCl. The chemotaxis index of the nematodes upon treatment of 1.55 mg/ mL of snodprot was 0:023 AE 0:014, and the index treatment 3.1 mg/mL of snodprot was 0:039 AE 0:01, neither of which was significantly different from the control (Fig. 4A) . The body-bend frequency of the nematodes subjected to 1.55 mg/mL treatment by snodprot solution was 30:47 AE 1:61, which was similar to the control (30 AE 2:23). In contrast, for the treatments at 3.1 mg/mL and 6.2 mg/mL, the body-bend frequencies were 38:87 AE 1:85 and 42 AE 2:36 respectively, which were significantly different from the control, indicating that snodprot can increase the locomotion of C. elegans (Fig. 4B) . The influence of snodprot on the leaves of soya bean and tomato plants was also analyzed to determine whether the protein has the function of stimulating the plant defense response and weakening nematodes indirectly. The results of statistical analysis indicated that the leaves treated with the protein solution exhibited a stronger green fluorescence than a water control, but the difference was not significant (data not shown).
Immunofluorescence assay
Traps and conidia of D. cionopaga were induced on water agar. Fresh culture was applied to an immunofluorescence assay using the purified polyclonal antibody of snodprot, which had a titer of 6,400 (4.76 mg/ mL, dissolved in 0.1 mol/L of glycine-Tris-HCl) as assayed by ELISA. The results indicated that the trap and conidium treatments exhibited a green fluorescence in comparision with the pre-immune serum respectively (data not shown), while no immune signal was found on the hyphal samples cultured in PDB, consistently with the results of qRT-PCR (Fig. 5) .
Discussion
Proteins of the cerato-platanin family possess characteristics similar to small cysteine-rich proteins such as avirulence gene products, elicitins, and hydrophobin, which have been proposed to play an important role in host specificity, recognition, and the adhesion of certain symbiotic fungi. 13) Duan constructed a cDNA library of D. cionopaga cultured on water agar plates with nematodes and selected and sequenced the encoding genes of the secreted proteins by the signal peptidecatching technique.
12) The frequency of the snodprot gene was highest among the sequenced fragments, which implied that this gene is probably related to parasitism.
12) Sequence analysis of snodprot indicated that the gene is not significantly homologous to any other functional genes, while the encoded protein was predicted to belong to the cerato-platanin family by Duan. We compared the characteristics of snodprot with other proteins in the cerato-platanin family.
The results of the sequence analysis (blastp) indicated that snodprot is homologous to a protein in the ceratoplatanin family of H. atroviridis (Epl1, GenBank ID ABE73692.1) with an E-value of 2e À11 , to that of M. perniciosa (GenBank ID, ABZ03962) with an Evalue of 4e
À7 , and to that of C. immitis (GenBank ID, XP 001247410.1) with an E-value of 3e
À6 . The hydrophobic plot of snodprot (Fig. S1 ) was similar to that of Sm1, which is known to elicit a plant's defense response and systemic resistance, 14) rather than CP, which is believed to play a role in host-plant interactions.
13) The AreA, PacC, and MYC1 binding sites were found in the 5 0 -terminal sequence of snodprot, but no CreA-binding motifs, stress response elements, or MYC3 elements were identified, though these were found upstream of Sm1, but upregulation of snodprot by the nitrogen in the CMA medium was not proven by qRT-PCR. A similar 
Fig. 2. MALDI-TOF MS Analysis (A) and Mascot Search Results (B) for Recombinant Snodprot.
The parameter of the Mascot search was set for a protein score greater than 17 to be significant (p < 0:05).
A B Fig. 3 . Purified Recombinant Snodprot Separated on a 10% Acrylamide Gel. A, SDS-PAGE. Lane 1, molecular weight marker (10 mL); lane 2, transformant with empty vector (10 mL); lane 3, transformant with pPIC9k-snodprot (10 mL). B, Native PAGE. Lane 1, molecular weight marker (10 mL); lane 2, transformant with pPIC9k-snodprot (10 mL); lane 3, transformant with the empty vector (10 mL); lane 4, the concentrated protein (10 mL).
phenomenon was also reported for a serine protease gene of M. megalosporum. The 5 0 -terminus of the gene contained conserved sequences of the AreA binding site, the CreA binding site, and the PacC site, but the gene was not regulated by the carbon or the nitrogen source. 41) The proteins in the cerato-platanin family were checked as to whether they were implicated in pathogenesis by analysis of their differential transcription levels. SP1 from Brassica napus was expressed during infection of the cotyledons and was regulated by light. 19) Seidl et al. reported that the epl1 transcript was present under all growth conditions tested, which included carbon sources of glucose, glycerol, l-arabinose, Dxylose, colloidal chitin, and the cell walls of the plant pathogen Rhizoctonia solani, and also by plate confrontation assays with R. solani. 15) In this study, quantitative RT-PCR of snodprot was done using the -tubulin gene as exogenous control to determine its expression pattern. The results of qRT-PCR confirmed that snodprot was transcripted under different nutrient conditions, including WA, CMA, and WA þ CE, but higher levels of transcription were elicited upon the introduction of nematodes. Traditionally, the parasitism mechanism of nematophagous fungi has been divided into five steps, recognition, attraction, adherence, penetration, and digestion. The resulting decrease in the transcription level of snodprot with inoculation time suggests that the encoded protein does not have an effect in the later periods of infection.
The results of the native PAGE demonstrated that snodprot might be polymers, similarly to CP, which aggregated in vitro C. fimbriata f. sp. platani, 35) rather than the native Sm1, which is a dimmer of T. virens.
14)
Whether snodprot self-assembles and forms polymers requires further experimental verification. The immunofluorescence assay indicated that no fluorescence occurred in hypha grown in PDB media, and green fluorescence was detected in tissues stimulated to form the traps and conidia, which suggests that snodprot is probably related to the growth and development of traps and conidia. However, the results did not exclude the Ã , significant; ÃÃ , extremely significant. Error bars indicate standard deviations for three independent experiments. Worms were mixed with snodprot or the control protein, and were incubated at 25 C for 24 h. The treated worms were collected by centrifugation at 500 g for 5 min, and were washed 3 times with a washing buffer containing 5 mmol of potassium phosphate (pH 6.0), 1 mmol/L of CaCl 2 , 1 mmol/L of MgSO 4 , and 0.5 g/L of gelatine. For each trial, approximately 100 washed worms were placed equidistant (approximately 3.5 cm) from an NaCl-containing agar plug and a spot of 1 mL of 0.5 mol/L NaN 3 . After these worms were allowed to move freely for 45 min at 25 C, those within 1.5 cm of the two spots were counted to calculate the chemotaxis index, CI ¼ (the number within the NaCl gradient À the number within the control)/the total number of animals. The body-bend frequency of the treated worms was scored during an interval of 1 min, and 15 animals were examined per treatment. A body bend was counted as a change in the direction of the part of the worm corresponding to the posterior bulb of the pharynx along the y-axis, assuming that the worm was travelling along the x-axis. A, Filaments cultured in PDB. B, Traps. Representative adhesive columns were signed by arrows. C, Conidia. Arrows indicated conidia. A aliquots of the hypha, conidium, and trap suspensions (20 mL each) were dispensed onto 12-well multitest slides and dried at 60 C for 30 min. The wells were filled with 20 mL of CP antiserum, diluted to 1:100 in PBS, and incubated for 2 h at room temperature, while the control wells were filled with an identically diluted pre-immune serum. After incubation, the wells were washed with PBS, and filled with 20 mL of a 1:40 dilution of goat anti-rabbit IG-fluorescein isothiocyanate conjugate (Santa, Beijing, China) in PBS, and then incubated for an additional 2 h at room temperature. Immunoreactions were stopped by washing the slides with distilled water.
possibility that the protein was also secreted into the fermentation liquid. 35) Contrary to homologous proteins from plant pathogens, human pathogens, biocontrol agents of plantparasitic fungi, and non-pathogenic fungi such as A. nidulans and N. crassa, snodprot from D. cionopaga, at high concentrations, demonstrated a chemotaxischanging and motility-increasing ability, but it was not an elicitor of the plant defense system or of nematodekilling substances. The high effective concentration of snodprot can be attributed to the fact that the recombinant protein was applied. This protein expressed in P. pastoris was post-translationally glycosylated differently than in the filamentous fungi. Correspondingly, sequence analysis showed that an N-glycosylation site was present in snodprot.
Plants and many nematophagous fungi attract nematodes, and attraction can lead to chemotaxis changes. It has been confirmed that the attractants of A. dactyloides, A. oligospora, A. conoides, and M. rutgeriense were different from the nematode-killing compounds. [42] [43] [44] [45] The attractants in the nematophagous fungi are thought to be volatile chemicals or a volatile substance, but no chemical components have been identified thus far. Because the chemotaxis-changing substance might not be the attractant, we were unable to conclude that snodprot can attract nematodes.
Because the attraction substance applied in this chemotaxis assay was NaCl, the chemotaxis-changing mechanism of snodprot might involve related neurons, the downstream signal transduction pathway, and regulatory elements. In the water-soluble chemotaxis of C. elegans ASE was the major neuron, and there was a weak residual response distributed over numerous classes of neurons, including ADF, ASG, ASI, ASK, and ASJ. 46, 47) The signal transduction of ASE involved tax-4, tax-2, daf-11, and cGMP, the regulators of which are osm-9, gpc-1, tax-6, ttx-4, and adp-1. The receptors and the corresponding G proteins of the salts and watersoluble attractants might have been guanylate cyclases and gpa-3.
48) It has been reported that exposure to high concentrations of metals resulted in severe defects of chemotaxis to NaCl, which might have contributed to altered morphology of ASE neuron structures. 49) Additionally, chemotaxis changes might cause C. elegans to avoid them by reversing their movement when exposed to toxic chemicals, where this behavior is mediated by the sensory neurons of the amphid, particularly, the ASH neurons. 50, 51) The PHA and PHB phasmid neurons function as chemosensory cells that negatively modulate reversal in the fate of repellents. 52) These neurons might also be sites for snodprot to act upon.
In our lethality assay, we also established systems consisting uptake of nematodes, snodprot, and 5-serotonin or octopamine, the systems were used to increase the amount of uptake of the recombinant protein in the nematodes, because 5-serotonin and octopamine can modulate uptake of double-stranded RNA in the RNAi. The results showed that when incubated for 24 h, the control with the 5-serotonin (29:70% AE 7:17) led to especially significant nematode death as compared to the treatments with snodprot and 5-serotonin (2:95% AE 1:60), while the control using the octopamine (4:43% AE 2:64), an antagonist of serotonin, did not produce a significantly different level of lethality from the treatment with snodprot and octopamine (3:68% AE 1:69), indicating that snodprot had the effect of reversing the functions of serotonin, similarly to octopamine. Besides pharyngeal pumping, the neurotransmitter serotonin regulates a wide range of behaviors in C. elegans, including egg laying, male mating, and locomotion (inhibition of movement). 53, 54) Expression of F01E11.5 (tyra-2), the receptor for serotonin and octopamine, was identified in pharyngeal neurons MC and NSM, amphid neurons ASE, ASG, ASH, ASI, and other neurons, including PVD, CAN, and ALM. 55) The fact that snodprot could increase the locomotion of the nematodes significantly and in a concentrationdependent manner is consistent with these results. The locomotion of nematodes involves neurons, neurotransmitters, G protein-coupled receptors, mechanically gated ion channels, the cytoskeleton, and muscle tissues. [56] [57] [58] [59] [60] Colostrums, non-fat milk, and MFP2 were presented to increase the migration of C. elegans. 61, 62) MFP2 increased the rate of locomotion by enhancing the effective rate of major sperm protein (MSP) filament polymerization. 62) Microcystin-LR could suppress locomotion behavior and caused significantly severe defects in thermotaxis and chemotaxis to NaCl and diacetyl. 63, 64) These defects were mediated by damage to the corresponding sensory neurons (ASE, AWA, and AFD) and interneuron AIY. 64) These neurons are highly interconnected, and the neural networks for the exploratory and taxis behaviors partially overlap. 65, 66) The transition to travelling search can involve the ASI, ASE, ADF, and ASH sensory neurons. The prominent targets of the ASE and AIY interneurons and additional targets, including the AIA and AIB interneurons of C. elegans, all regulate pirouettes. 48) Samuel and Sengupta have also reported that the major neuronal components of the sensorimotor circuits of C. elegans, which mediate local search and long-range roaming behaviors, include chemosensory neurons ASI, AWC, and ASK, and interneurons AIB and AIY. 66) Based on the literature, it can be concluded that both ASE and ASI neutrons are involved in the process of chemotaxis to NaCl, the response to serotonin, and the locomotion of C. elegans. The toxicity contributed to alteration of the neurons. Thus the mechanism affected by snodprot is to expected to combine competitively with serotonin in ASE or ASI neurons. Though the definitive combination site of snodprot awaits the confirmations of the immunity precipitation and other experiments, snodprot of D. cionopaga presented a novel member of the cerato-platanin family and a novel parasitism-related protein, the encoding gene of which can be transformed into the nematophagous fungus and might improve its biocontrol capacity.
